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PROLOGUE

In 1961, when we began studies of hemagglutinins (HAs)
produced by Vibrio cholerae (71) and their possible role as

adhesins/colonization factors, we were unaware that there
were zinc-containing bacterial metalloproteases or that we
would find ourselves involved with them 30 years later. In
1976, we became interested in a specific HA which is found
in supernatants of cultures of V. cholerae (67). It didn't seem
a particularly smart thing to do for the vibrios to give off a
factor which theoretically might occupy receptors and
thereby prevent colonization. Thus this soluble HA was all
the more interesting to us. Attempts at purification of the
protein met with little success until we entertained the notion
that perhaps we were copurifying a protease which was
destroying the HA during purification. To our amazement,
the HA turned out to be a protease (70), and we subse-
quently found that other proteases were HAs (23). The
HA/protease contained zinc and calcium (23) and was active
on a number of putatively relevant physiological substrates
(69), including fibronectin, lactoferrin, and mucin (we had
actually rediscovered the enzyme studied by Sir Macfarlane
Burnet in the 1940s). The enzyme can also nick, and thus
activate, the A-subunit proteins of cholera toxin (24) and
other cholera toxin-related enterotoxins. A major break-
through occurred when Bever and Iglewski cloned and
sequenced the elastase gene of Pseudomonas aeruginosa
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(15). Elastase is a zinc-containing metalloprotease which is
believed to participate in pathogenesis and the tissue
changes associated with pseudomonas infections, especially
in the lung. The N-terminal amino acid sequence of elastase
was practically the same as that of our enzyme, and that
observation helped us to clone the V. cholerae HA/protease
(92). Subsequently, we were unable to escape the recogni-
tion that there is, in fact, a large world of zinc-containing
bacterial endopeptidases distributed among pathogens and
nonpathogens and among industrially important microorgan-
isms. It is the purpose of this review to gather them under
one roof, so to speak, to enable their further examination by
subsequent generations of investigators. The field is made all
the more exciting by the observations, published during
construction of this review, that both botulinum B and
tetanus neurotoxins-whose mode of action had long eluded
us-are zinc metalloproteases which act specifically on

synaptobrevin, an integral membrane protein of small syn-
aptic vesicles, thus blocking neurotransmitter release (206).
It may safely be predicted that additional bacterial metallo-
proteases will be found to be involved in pathogenesis and to
serve useful functions as well. The recent announcements
(94, 185) of "designer proteins" illustrate the point.
Following submission of this manuscript, Klimpel et al.

(120a) reported that the lethal factor (LF) of the anthrax
toxin complex has a short region of homology with zinc-

binding sites of other metalloproteases containing the
HEXXH motif, which is essential for activity. Protease
activity and toxicity were inhibited by known inhibitors of

metalloproteases.
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INTRODUCTION

Proteases are enzymes that catalyze the hydrolysis of
peptide bonds in proteins or peptides. They are either
exopeptidases, whose actions are restricted to the amino or
carboxyl termini of proteins, or endopeptidases, which
cleave internal peptide bonds. Proteases are present in all
living organisms, in which they display a variety of physio-
logical functions. Microbial proteases are predominantly
extracellular and can be classified into four groups based on
the essential catalytic residue at their active site. They
include serine proteases (EC 3.4.21), cysteine proteases
(also called thiol proteases) (EC 3.4.22), aspartate proteases
(EC 3.4.23), and the metalloproteases (EC 3.4.24). Most
metalloproteases are zinc-containing proteins. Zinc is an
integral component of many proteins which are involved in
virtually all aspects of metabolism of the different species of
all phyla. X-ray crystallographic analyses of several zinc-
containing proteins have defined the features of the catalytic
and structural zinc-binding sites (reviewed in reference 243).
In all zinc enzymes whose crystal structures are known, a
catalytic zinc atom is coordinated to three amino acid
residues of the protein and an active water molecule,
whereas structural zinc atoms are coordinated to four Cys
residues (243). A combination of His, Glu, Asp, or Cys
residues creates a tridentate active zinc site, and an acti-
vated water molecule fills and completes the coordination
sphere (242, 243). A potential benefit of our increased
understanding of structure-activity relationships of metal-
dependent enzymes is the possibility of designing engineered
metalloproteins for various purposes (94, 185). The introduc-
tion of metal-binding sites into proteins could induce specific
and predictable conformational changes as well as allow the
regulation of enzymatic activity. Computer analysis may be
useful to identify suitable sites in the three-dimensional
structure of an enzyme that, when substituted with His
amino acid residues, would form a metal-binding site (94).
Additionally, a further understanding of the contribution(s)
of the remaining framework residues will offer the opportu-
nity of artificially simulating the remarkable specificity of
this family of enzymes to create new and useful proteases.

Well-studied metalloproteins have served as standards of
reference for the structures of other proteins, and similarities
in the primary structure alone have frequently been used to
group these proteins. The number of families of eucaryotic
zinc proteins is extensive and continues to increase. A
recent review classified all metalloendopeptidases into five
distinct families based on sequence alignments (107); how-
ever, the present review will be restricted to secreted zinc
metalloproteases from bacterial species. Among the bacte-
rial metalloproteases that have been examined by X-ray
crystallography are the zinc-containing, calcium-stabilized,
neutral metalloendopeptidases; thermolysin from Bacillus
thennoproteolyticus (40, 98), neutral protease from Bacillus
cereus (184, 218), and elastase from Pseudomonas aerugi-
nosa (231). The structures of thermolysin, B. cereus neutral
protease, and elastase have served for comparison with
sequences of other metalloproteases for which no X-ray
crystallography standards exist as yet.
The availability of sequence information for the family of

zinc-dependent metalloproteases has grown rapidly over the
last few years. The first "consensus sequence" for members
of the metalloprotease family was based on homology found
within the human fibroblast collagenase and the 11 amino
acids flanking the zinc-binding site of the Serratia protease,
a bacterial metalloprotease that also shares strong homology

with thermolysin at this site (153). Later, the primary se-
quence motif HEXXH was found in many zinc-containing
proteases, including several eucaryotic zinc metallopro-
teases, and was suggested to be indicative of membership in
the family (108).
Many extracellular bacterial proteases from pathogenic

organisms that have been studied in detail have either been
demonstrated or suggested to play important roles in viru-
lence. Secreted bacterial metalloproteases have been identi-
fied in both gram-positive and gram-negative pathogens, but
they are certainly not unique to pathogenic species. There
has been greater interest in the proteases of organisms which
are pathogenic or of industrial importance than in those of
organisms which lack either property.

METALLOPROTEASES FROM GRAM-POSITIVE
BACTERIA

Bacillus spp.

Members of the Bacillus neutral protease family for which
amino acid sequences have been determined, such as neutral
proteases from B. thermoproteolyticus (thermolysin) (232),
B. stearothermophilus (124, 175, 226), B. subtilis (238, 260),
B. cereus (213, 253), B. brevis (1), B. polymyxa (227), B.
caldolyticus (244), B. megaterium (126), B. amylolique-
faciens (212, 245), and B. mesentericus (221), typically have
a high degree of amino acid sequence homology with each
other. The zinc-binding sites and catalytic residues among
these metalloproteases are conserved (Fig. 1), and all these
proteases have large propeptides between their signal se-
quence and the mature proteins which are removed during
secretion. Among known neutral proteases produced by
bacilli, thermolysin is the best characterized structurally and
enzymatically; its primary and tertiary structures, its active
site, and its substrate-binding site have been characterized
(29, 97, 149-151). The enzyme consists of a single polypep-
tide chain lacking thiol or disulfide groups with a zinc ion
located at the active site and four calcium ions involved in
protein stability (40, 98). The crystal structure of the closely
related B. cereus neutral protease was shown to be very
similar to that of thermolysin, and the proteases contain the
same zinc ligands (184, 218). The structure and mechanism
of activity of a neutral metalloprotease from B. subtilis were
very similar to those of thermolysin (139, 214, 235). Site-
directed mutagenesis of amino acids predicted to be involved
in catalytic activity dramatically affected both catalysis and
secretion, indicating that the B. subtilis neutral protease is
autocatalytically processed (234). At sublethal levels of
expression, the gene product is correctly expressed and
secreted in Escherichia coli, again suggesting that its pro-
cessing is autogenous (251). The activity of the B. subtilis
neutral protease has been used as an indicator system for
cloning in B. subtilis by using milk-clearing halos as a direct
screening marker for recombinant clones (258). A minor
extracellular metalloprotease from B. subtilis was character-
ized, and its gene was cloned and sequenced; however, this
novel cysteine-containing protease had a very short prose-
quence and showed little similarity to other known bacterial
proteases (216). The protease genes of B. subtilis have been
recently reviewed elsewhere (93). The amino acid sequence
of a neutral protease from B. subtilis subsp. amylosaccha-
nticus was found to be identical to that of B. subtilis (122).
Studies involving chemical modification and computer-aided
modeling indicated that the three-dimensional structure and
reaction mechanism of this protease are quite similar to
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I Listeria monocytogenes
2 Bacillus cersus
3 Bacillus brevis
4 BacIllus stearothensophllus NprT
5 Bacillus thbenoproteolytlcus
6 Bacillus segaterlus
7 BacIllus polymyxa
8 Bacillus asyloliquefacl.ns
9 Bacillus subtflls Nprg

10 Bacillus subtilis NprB
11 Ervwnla carotovora
12 Serratia marcescons Sip
13 Vibrio proteolytIcus
14 Vibrlo angufllarus
15 Vibrio cholsrae
16 Pseudomonas aeruginoss LaBs
17 Legionella pneumophila
18 Pseudomonas aeruginosa AprA
19 Erwinia chrysantheml 1C16 PrtC
20 Ervinla chrysantheml B374 PrtC
21 Enwinla chrysantheal B374 PrtB
22 Enwlnla chrysanthema B374 PrtA
23 Serratia sarcescens PrtBs
24 Streptococcus sangufs
25 Streptomyces cacaof
26 Streptomyces lividans
27 Bacillus thuringlensis
28 VIbrio alglnolytlcua
29 Clostrldlus botulinus NiT/B
30 Clostridlus tetani
31 Pasteurella haemolytica
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FIG. 1. Amino acid comparison of some conserved domains among bacterial metalloproteases. Identical amino acids are indicated by
black boxes. Putative zinc-binding and active-site residues are indicated by asterisks and open circles, respectively. References, in the
sequence cited above, are as follows: 1 (54, 155); 2 (213, 253); 3 (1); 4 (226); 5 (232); 6 (126); 7 (227); 8 (212, 245); 9 (260); 10 (238); 11 (129);
12 (128); 13 (49); 14 (157); 15 (92); 16 (15, 76); 17 (16); 18 (60, 180); 19 (45); 20 (52); 21 (51); 22 (80); 23 (27, 169); 24 (82); 25 (34); 26 (30, 140);
27 (142); 28 (228); 29 (127); 30 (64); 31 (2). The amino acid sequences of the B. mesentericus (221) and B. subtilis subsp. amylosacchariticus
(122) neutral proteases were identical to that of the B. subtilis NprE protease. The sequences of the mature B. stearothermophilus NprM (124)
and NprS (175) were identical to each other and are the same as the sequence of thermolysin (B. thermoproteolyticus) in the regions shown
in this figure. Similarly, the B. caldolyticus neutral protease (244) is identical to the B. stearothermophilus NprT in the regions shown. The
Streptomyces sp. strain C5 (132) and S. coelicolor (47) metalloproteases are identical to the S. lividans protease in the amino acid region
shown. The amino acid sequence of the C. botulinum NT/E neurotoxin (190) is the same as the NT/B sequence shown.

those of thermolysin (121, 240). The amino acid sequence of
the neutral zinc metalloprotease from B. mesentericus has
been derived by using peptide cleavage and was found to be
identical to that of the B. subtilis protease (221): inhibition
experiments confirmed the participation of a predicted his-
tidine residue in catalytic activity (220). Differences in their
thermostability are interesting and well-studied aspects of
neutral proteases from various Bacillus species (72, 104).
The thermostabilities of the B. stearothennophilus and B.
subtilis neutral proteases have been studied extensively by
site-directed mutagenesis (62, 63, 225, 235, 246). A B.
stearothermophilus strain which produces a more thermo-
stable neutral protease has been identified, and the gene
encoding this protease has been cloned and sequenced (124).
The metalloprotease gene from a different B. stearothermo-
philus strain encoded an identical mature enzyme (175).
Site-directed mutagenesis of the B. caldolyticus protease
revealed that different amino acid residues contribute to
differences in thermostability (244). The effects of metal ions
on activity and stability of Bacillus metalloproteases have
also been studied (41, 99). It has become evident that the
enhanced stability of thermophilic enzymes is the result of a
variety of stabilizing effects and cannot be attributed to a
common determinant.
As mentioned below with regard to zinc metalloproteases

from other genera, some of the Bacillus proteases have, or
may have, useful applications. A neutral metalloprotease
from B. polymyxa may be useful therapeutically, especially
in dermatology, since it selectively cleaves fibronectin and
type IV collagen (219). The B. polymyxa enzyme also
cleaves the amylase precursor into P- and a-amylases (227)
for starch conversion into fermentable sugars, for example.
An extracellular collagenase produced by a human oral B.
cereus strain was characterized as a zinc- and calcium-
containing metalloprotease that resembled the Clostridium

histolyticum collagenases (146). A phosphate-repressed
metalloprotease activity was detected in culture superna-
tants of a B. cereus strain isolated from soil; however, it is
not clear whether this enzyme activity participates in phos-
phate scavenging (85). B. thuringiensis is an insect pathogen
and secretes a protease called immune inhibitor A because it
specifically degrades antibacterial proteins produced by the
insect host (46). The sequence for this metalloprotease gene
has been determined, and, although the amino acid sequence
showed no extensive homology to other bacterial proteases,
a putative zinc-binding domain can be found (142) (Fig. 1).
Protease production of B. megaterium was suppressed by
temperature at the level of mRNA transcription and was
associated with decreased sporangial development (125).
The anticancer drug netropsin increased the formation of
mRNA coding for the neutral metalloprotease of B. mega-
terium (33) but did not affect its repression by increased
temperature.

Clostridium spp.

Protease production by clostridia has been associated with
pathogenicity and with food spoilage. C. histolyticum, a
causative agent of clostridial myonecrosis or gas gangrene,
produces a mixture of collagenases, also known as clostrid-
iopeptidase A or collagenase A, which has been studied
extensively (209). Six individual collagenases present in the
culture filtrate of C. histolyticum have been purified and
were shown to be calcium-dependent zinc metalloproteases
that can be divided into two classes according to structural
and biochemical differences (21, 22). Comparison of the six
purified collagenases indicated that their secondary struc-
tures are very similar and the enzymes are immunologically
cross-reactive (22). Class I and class II collagenases had
extensive protein sequence homology within each class,
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and, although it was suggested that one class evolved from
the other by gene duplication, the enzymes in the two classes
showed substantially different sequences (22). Studies on the
effects of various divalent metal ions on enzyme activity of
the clostridial collagenases have suggested differences in the
mechanisms of catalysis (10, 11, 113). Six proteases, each
differing in activity against various collagen substrates and
sensitivity to inhibitors, produced by C. sporogenes had
characteristics of metalloproteases (9). Proteases secreted
by the potential pathogen C. bifermentans were predomi-
nantly of the metalloprotease type, and although a wide
variety of proteins were hydrolyzed, none of the enzymes

degraded collagen (145). Although it is known to produce a

substantial number of extracellular toxins and other viru-
lence factors, including collagenase, and calcium-dependent
serine proteases have been reported (182), the extracellular
proteases of C. perfringens have not been well characterized
(8). Acidolysin is an acidic calcium- and zinc-containing
metalloprotease produced by C. acetobutylicum, and its
N-terminal amino acid sequence showed a high degree of
similarity with that of B. subtilis neutral metalloprotease
(43). Clostridial neurotoxins, including tetanus toxin and
seven serotypes of botulinum toxin, are produced by toxi-
genic strains of C. tetani and C. botulinum, respectively.
Recently, the DNA-deduced amino acid sequences of five
botulinum neurotoxin serotypes have been determined and
aligned with that of tetanus toxin (172), showing an overall
low degree of homology with a few segments of strong
similarity including a segment with the HEXXH zinc-binding
motif of metalloproteases (Fig. 1). Zinc was then shown to
bind to tetanus toxin (207, 257) and to be essential for tetanus
and botulinum B toxin inhibition of neurotransmitter release
inAplysia neurons (207). Light chains from both toxin types
were demonstrated to have proteolytic activities; botulinum
toxin type E has been reported to cleave actin (48), whereas
botulinum toxin serotype B, but not serotype A or E, and
tetanus toxin showed high specificity for synaptobrevin (206,
207). Most recently, it has been shown (103a) that additional
C. botulinum neurotoxins are proteases which cleave other
target proteins. This family of toxins should be useful tools
in the elaboration of the mechanism(s) of neurotransmitter
release.

Staphylococcus spp.

Staphylococcus aureus is a frequent cause of human
disease, and the majority of strains produce several extra-
cellular proteases. A neutral calcium-dependent zinc-con-
taining metalloprotease from S. aureus V8 was isolated and
characterized (12, 58). This metalloprotease plays a role in
the activation of the precursor of a well-studied serine
protease, called staphylococcal or V8 protease, secreted by
the same organism (58); however, the metalloprotease itself
is degraded by the serine protease when both calcium and
zinc (but not zinc selectively) are chelated (189). Irreversible
loss of activity and conformational changes in the tertiary
structure of the protease upon the removal of calcium ions
have been observed (13, 252). Although the S. aureus

metalloprotease exerted no cytotoxic effects on mononu-

clear leukocytes and did not stimulate proliferation and
differentiation of lymphocytes, it was able to affect the
stimulation of lymphocytes by polyclonal activators in vitro
and therefore may influence the host immune response to
infection (193). Some staphylococci also produce a sta-
phylolytic glycylglycine endopeptidase, lysostaphin (207a),
which is also called a peptidoglycan hydrolase (171a) and

which was stated to be a zinc metalloenzyme (238a). The
DNA sequence of the lysostaphin gene does not reveal the
presence of the HEXXH motif (93a, 199a).

After our manuscript was submitted, S. epidermidis was
shown to produce an elastase with pronounced sequence
homology to thermolysin and P. aeruginosa elastase (230a).

Streptococcus spp.

Streptococcus sanguis, clinically important as a cause of
bacterial endocarditis and as a constituent of dental plaque,
produces an extracellular immunoglobulin A (IgA) protease
that was characterized as a metalloprotease (130, 187). The
DNA-deduced amino acid sequence of the S. sanguis IgA
protease lacked significant homology with that of IgA pro-
teases from other bacterial species and did not show a
recognizable signal sequence, and no precursor form could
be detected (82). However, a pentapeptide analogous to the
zinc-binding signature in other metalloproteases (Fig. 1) was
directly shown to be involved in catalytic activity (82). By
using enzyme-neutralizing antisera, four distinct IgA pro-
teases were detected in various Streptococcus species, and a
cooperative activity of protease and neuraminidase was
suggested (201). The S. sanguis gene probe showed no
detectable hybridization with chromosomal DNA from S.
pneumoniae, which also produces an extracellular metal-
dependent IgA protease (81, 186, 192). These IgA proteases
have been suggested to play a role in pathogenesis by
promoting adherence; additionally, the bacteria become
coated with incompetent Fab. fragments as a consequence
of the protease activity (4, 200). S. faecalis, frequently
identified as the etiological agent of various opportunistic
infections, produces an extracellular zinc-containing metal-
loprotease (19, 31). This enzyme was recently further char-
acterized biochemically and had a similar substrate specific-
ity to that of thermolysin (147). The enzyme was active on
gelatin, Azocoll, and collagens, and its amino acid compo-
sition showed some similarity with that of Staphylococcus
aureus (147). With regard to S. pyogenes, an exposed
protease (considered to be a virulence factor) was recently
shown to resemble a serine protease (36); to our knowledge,
zinc metalloproteases have not been reported.

Streptomyces spp.

Pronase P, a commercial protease mixture from Strepto-
mycesgriseus, contains several kinds of proteases, including
several neutral metalloproteases (170). Recently, two zinc
endopeptidases from pronase P were purified and character-
ized (109, 241). A protein inhibitor of metalloproteases,
which is produced extracellularly by S. nigrescens and
specifically inhibits metalloproteases such as thermolysin
(166, 178), also inhibited these proteases (109). Unexpect-
edly, these proteases were strongly inhibited by serine-
protease inhibitors secreted by Streptomyces species (109,
241). The DNA sequence for an extracellular metallopro-
tease from S. cacaoi indicated that the mature enzyme is
processed from a prepropeptide (34). Although the amino
acid sequence similarity to other proteases was not strong, a
putative zinc-binding region was recognized (34) (Fig. 1).
Site-specific mutagenesis of amino acid residues putatively
involved in the zinc-binding and active sites resulted in
production of enzymatically inactive protein and extracellu-
lar accumulation of the larger proprotein (35). The mutant
protein could be converted to the mature form by using
active enzyme, indicating an extracellular autoprocessing
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event in the maturation of this protease (35). The gene
encoding a milk protein-degrading metalloprotease from
Streptomyces sp. strain C5 also indicated a conserved zinc-
binding site (132) (Fig. 1). However, the substrate and
inhibition characteristics of this protease were markedly
different from those of other known neutral proteases:
calcium ions, which are frequently found associated with
other metalloproteases, were not found associated with this
purified protease (132). Homologous metalloprotease genes
from S. coelicolor (47) and S. lividans (30, 140) were
sequenced, and the predicted amino acid sequences showed
regions that correspond to the zinc-binding motif found in
other zinc-dependent metalloproteases (Fig. 1). Whereas the
S. coelicolor metalloprotease does not appear to be pro-
duced as a preproprotein, the S. lividans and C5 proteases
undergo proteolytic processing. Although its amino acid
sequence is not known, X-ray crystallography of a neutral,
zinc-containing protease from S. caespitosus showed no
structural homology to other neutral proteases whose three-
dimensional structures have been determined (90).

Listeria spp.

Listeria monocytogenes is an opportunistic intracellular
pathogen that causes listeriosis, a serious disease of humans,
particularly those who are immunocompromised. Although
no extracellular protease has previously been described for
L. monocytogenes, an open reading frame located down-
stream of the gene encoding the secreted hemolysin, listeri-
olysin, was found to encode a protein highly homologous to
the secreted neutral metalloproteases produced by various
Bacillus species and to a lesser extent to those produced by
gram-negative bacteria (54, 155) (Fig. 1). The gene sequence
indicated a putative signal sequence followed by a large
propeptide and the mature protein and was present only in L.
monocytogenes strains (54). The metalloprotease gene was
the first gene of an operon that is potentially involved in
virulence of L. monocytogenes (155, 197). By using specific
antiserum against thermolysin, only the larger unprocessed
proform of the protease could be detected in culture super-
natants, which might explain the lack of proteolytic activity
(54). A lecithinase-negative mutant of L. monocytogenes,
obtained by a transposon insertion in the metalloprotease
gene, was strongly impaired in virulence in a mouse model
(155, 197). This mutant strain produced a larger unprocessed
form of the phosphatidylcholine phospholipase C, an exoen-
zyme probably involved in cell-to-cell spreading, and the
metalloprotease gene restored the lecithinase phenotype and
the production of active phosphatidylcholine phospholipase
C and partially restored the level of virulence (191).

METALLOPROTEASES FROM GRAM-NEGATIVE
BACTERIA

Pseudomonas spp.
Pseudomonas aeruginosa is an opportunistic pathogen

that can cause fatal infections especially in compromised
hosts. Among the numerous extracellular products of P.
aeruginosa are two well-characterized metalloproteases,
elastase and alkaline protease (165), as well as a more
recently recognized elastolytic enzyme, LasA, that appears
to act in concert with the other proteases in elastolysis
(reviewed in reference 77). These metalloproteases and their
possible roles in pathogenicity of P. aeruginosa infections
have been reviewed elsewhere (77, 96, 183, 256). Elastase is

a zinc-containing metalloprotease that degrades a variety of
biologically important substances, including elastin, laminin,
fibrin, human collagens, several complement components,
and immunoglobulins. The structural gene encoding elastase
was cloned from two P. aeruginosa strains (205, 259). The
mature elastases from both strains were preceded by a signal
sequence and a large propeptide and differed only in one
residue (15, 76). Additionally, elastase genes from three
elastase-deficient P. aeruginosa strains had almost identical
sequences to the genes from elastase-producing strains
(229). One of the three strains had a single-base deletion in
the coding region, which resulted in early termination. These
observations suggest that elastase production is repressed by
gene regulation in the other strains (229). Elastase shares
amino acid homology with the neutral proteases from the
Bacillus species, especially in regions that are considered to
contain the active and zinc-binding sites of thermolysin (Fig.
1). Recently, X-ray crystallographic analysis of elastase
showed that the overall tertiary structure of elastase is
similar to that of thermolysin and that the zinc ligands and
nearly all the active-site residues are identical (231). Site-
directed mutagenesis of presumed active-site amino acid
residues in elastase confirmed involvement in catalysis and
suggested autoproteolytic processing of proelastase (116,
152). By using monoclonal antibodies, immunologic varia-
tions as well as common epitopes were found among
elastases from different P. aeruginosa strains (131). Other
monoclonal antibodies could neutralize protease activity
against high-molecular-weight substrates, whereas only one
also inhibited peptidase activity (261). Purified elastase used
as a vaccine provided some protection against severe lung
lesions and reduced the incidence of inflammation in a rat
model (83). A genetically engineered mutant elastase with
diminished proteolytic activity elicited protective activity
against Pseudomonas infection in mice, as did an inactivated
elastase preparation (116).
The alkaline protease from P. aeruginosa is also a metal-

loprotease; however, its properties are very different from
those of elastase (165). The P. aeruginosa alkaline protease
gene was cloned (14, 87) and sequenced (60, 180), and the
deduced amino acid sequence shows strong homology with
extracellular metalloproteases from Serratia marcescens
and Erwinia chrysanthemi (60, 180). Limited homology is
also found to thermolysin and elastase, particularly in the
regions that include structurally and functionally important
residues, although it is interesting that the order of these
conserved regions within the alkaline protease is different
(Fig. 1). An extracellular metalloprotease produced by P.
cepacia, an important etiological agent of clinical infections,
was shown to have antigenic similarity with the P. aerugi-
nosa elastase (154). Recently, the cloning of the gene encod-
ing this protease was reported (42). A zinc/calcium-depen-
dent metalloprotease from P. fragi was purified and had
properties similar to those of other extracellular neutral
proteases (188). Mutant P. fragi strains have been found to
produce similar metalloproteases with altered substrate
specificities, including protease V, which is now commer-
cially available (59, 105, 176).

Legionella spp.

Legionella pneumophila is a facultative intracellular
pathogen capable of causing an acute pneumonitis referred
to as Legionnaires' disease. The major secreted protein is a
neutral zinc metalloprotease that has been suggested to be an
important virulence determinant and was thoroughly re-
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viewed recently (57). This enzyme has many properties that
suggest its involvement in pathogenesis, including cytotoxic
and tissue-destructive activities, inhibitory effects on phago-
cytes, and proteolytic activity against a broad spectrum of
physiologically important substrates (57). The gene encoding
the extracellular protease from L. pneumophila has been
cloned (196, 224). The nucleotide sequence of the protease
gene revealed that the open reading frame was significantly
larger than expected from the previously reported molecular
weight of the mature protease (16). Significant amino acid
identity with P. aeruginosa elastase (and the HA-lprotease of
V. cholerae [see below]) was detected; similarities are most
pronounced in the regions forming the zinc-binding and
enzymatic sites (Fig. 1). Inhibition studies suggested that the
L. pneumophila metalloprotease shares similar molecular
mechanisms of proteolysis with P. aeruginosa elastase and
B. thermoproteolyticus thermolysin (16). Vaccination with
purified protease has been shown to induce cell-mediated
immunity in a guinea pig model (17). However, recent
studies indicated that the metalloprotease is not required for
the ability of L. pneumophila to grow in or kill macrophages
(224) or for lethality in vivo (18). Despite its potential, the
enzyme may not be a major or primary virulence factor in
Legionnaires' disease, although it could contribute to patho-
genesis by modifying the host inflammatory response (57,
198, 199). Other Legionella species, including L. dumoffii, L.
micdadei, and L. jordanis, produced proteolytic activities
that biochemically resembled L. pneumophila protease, but
none produced secreted proteins that reacted with the spe-
cific antisera and none reacted with the cloned protease
DNA probe (195).

Vibrio spp.

The HA/protease of V. cholerae 01, the causative agent of
epidemic cholera, was discovered as a secreted HA (70, 89),
which was subsequently shown to be a zinc- and calcium-
dependent neutral protease (23) with the ability to cleave
several physiologically important substrates, including mu-

cin, fibronectin, and lactoferrin (69). The HA/protease,
which can also nick and thus activate the A subunit of
cholera toxin (24), was considered to potentially play a role
in the pathogenesis of cholera (25, 44, 208). Almost all V.
cholerae 01 and most non-O1 strains produce an extracel-
lular protease that is inhibited by specific antiserum (26).
Although similarities and some dissimilarities between 01
and non-O1 HA/proteases were reported (100), more recent
biochemical and immunological analyses suggested that the
proteins are identical, or nearly so (101, 102, 254). Monoclo-
nal antibodies against the V. cholerae non-Ol HA/protease
neutralized its proteolytic but not its hemagglutinating activ-
ity (101), whereas other monoclonal antibodies against the
V. cholerae 01 HA/protease inhibited both activities but
were reported to have no effect on the mucinase activity
(254). The V. cholerae 01 HA/protease was found to be
immunologically and functionally related to the P. aerugi-
nosa elastase (91). The cloned HA/protease structural gene

suggested that a large propeptide preceded the mature pro-

tein (92). The deduced amino acid sequence of the mature
HA/protease showed strong homology with that ofP. aerug-

inosa elastase and L. pneumophila protease and also shared
the conserved domains shown in Fig. 1. An HA/protease-
negative V. cholerae 01 mutant strain was constructed (92)
and was found to be fully virulent in an animal model (68).
However, further experiments indicated that the HA/pro-
tease may play an important role in facilitating detachment

of the vibrios from the intestinal cells (68), thus enabling
them to find another human host. Another protease, "De-
tach," has been reported to protect rabbits against experi-
mental diarrhea disease due to E. coli, presumably by
destroying receptors and preventing attachment (167). The
mucolytic ability of such proteases as the V. cholerae
HA/protease and the P. aeruginosa elastase might prove
useful therapeutically in clearing airways obstructions as in
cystic fibrosis. This would have to be evaluated carefully,
because the ability of P. aeruginosa proteases to release
mucin from airways goblet cells has been suggested to have
potential deleterious effects (20).
The halophilic bacterium V. vulnificus, which causes

wound infections and septicemia in humans, elaborates a
neutral metalloprotease with elastolytic activity that was
toxic for mice and elicited dermonecrosis (123, 217). The
enzyme contributes to edema formation during V. vulnificus
infections by enhancing vascular permeability (158, 159).
This protease is inhibited by plasma a2-macroglobulin (160,
161). The recent development of a protease derivative which
is resistant to this inhibition could clarify the involvement of
this enzyme in V. vulnificus infections (171). The N-terminal
amino acid sequence of this protease is highly homologous to
that of metalloproteases from other Vibrio species, the P.
aeruginosa elastase, and L. pneumophila protease (123).
Protease-deficient mutants cannot utilize heme as an iron
source, indicating that the protease may be involved in iron
scavenging (174). V. proteolyticus (formerly Aeromonas
proteolytica) is a halotolerant bacterium that secretes a
thermostable neutral protease that has industrial applica-
tions for enzyme-mediated synthesis of dipeptides. The
enzyme is a zinc metalloprotease which appeared to be
homologous to thermolysin and elastase in many properties
(61, 84). The nucleotide sequence of the V. proteolyticus
neutral protease gene indicated a large prosequence follow-
ing the signal sequence, and the deduced amino acid se-
quence shared extensive homology with that of the V.
cholerae HA/protease and other bacterial metalloproteases
(Fig. 1). The purified zinc metalloprotease secreted by the
fish pathogenic bacterium V. anguillarum shares some prop-
erties with proteases from other Vibrio species such as V.
vulnificus and V. cholerae (65). The protease had elastolytic
activity and was strongly suggested to be associated with
host invasion (177). Recently, this protease gene sequence
indicated a signal peptide and prosequence and strong amino
acid homology to metalloproteases from several gram-nega-
tive organisms and also showed the putative zinc-binding
and active-site regions (157) (Fig. 1). A chromosomal marker
exchange metalloprotease mutant strain had only slightly
reduced virulence; however, the mutant strain expressed
two additional proteases not detected in the wild-type strain
that might also contribute to pathogenesis (157). V. mimicus
has been found to be responsible for various types of human
illness, including enteric infections. A purified extracellular
metalloprotease from this organism was reported to enhance
vascular permeability in skin (37) and fluid accumulation in
rabbit ileal loops (39). The enzyme had both protease and
hemagglutination activity and was immunologically cross-
reactive with the HA/protease produced by V. cholerae (38,
55). V. alginolyticus chemovar iophagus (formerly Achro-
mobacter iophagus) produces an extracellular collagenase
which is a zinc-containing metalloprotease (117). Three
active forms of the collagenase have been isolated that are
structurally related and are autodegradation products of a
larger single polypeptide chain (117, 237). The collagenase
gene was cloned (75), and although no strong overall se-
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quence homology to other proteases could be detected (228),
a putative zinc-binding motif is present (Fig. 1).

Aeromonas spp.

Aeromonas hydrophila, an opportunistic pathogen of hu-
mans and fish, produces a variety of extracellular products,
including proteases which may contribute to virulence (103).
There are disparities among the reports of the number and
types of metalloproteases secreted by A. hydrophila (137,
173, 203). Most strains of A. hydrophila produce a single
heat-stable metalloprotease, and some strains also secrete an
unrelated serine protease (137). A similar thermostable met-
alloprotease was found in some strains of A. sobna and A.
caviae but not in the A. salmonicida strains that were tested
(137). TheA. hydrophila metalloprotease was shown to have
esterase but no cytotoxic activity and was lethal for fish
(203). Although the purified protease was inhibited by EDTA
and o-phenanthroline (112), an association of the protein
with zinc has not yet been shown. TnS-induced protease-
deficient mutants of an A. hydrophila strain that produces a
single metalloprotease had reduced virulence for fish (138).
The metalloprotease appeared to contribute to the establish-
ment of the infection in fish by overcoming host defenses and
by providing nutrients for growth (138). The gene for a
heat-stable extracellular metalloprotease fromA. hydrophila
has been cloned; however, this protease acted differently
from the previously characterized protease (202). Interest-
ingly, a secreted metalloprotease from an A. hydrophila
strain isolated from milk was partially purified and shown to
be a heat-labile, calcium-dependent enzyme that was actu-
ally inhibited by zinc ions (6).

Serratia spp.

Serratia sp. strain E-15 produces an extracellular zinc
metalloprotease that has been used as an anti-inflammatory
agent. The nucleotide sequence of the protease gene has
been determined. The mature protein was preceded by a
short peptide that is different from typical signal peptides of
secreted proteins (169). Three zinc ligands and an active site
of the Serratia protease were predicted from comparison
with thermolysin (169) (Fig. 1). Recently, examination of
metal-induced conformational changes of this protease re-
vealed that the position and coordination of the zinc ion
appear to be essential both for enzymatic activity and for the
overall tertiary structure (115). S. marcescens is now well
recognized as an opportunistic pathogen, and its major
extracellular metalloprotease has been suggested to be an
important virulence factor in both keratitis and pulmonary
infections (110, 143, 144). This protease degrades several
physiologically important substrates, including fibronectin,
collagen, and several serum proteins; it enhances vascular
permeability; and it suppresses the complement-derived
chemotactic activity of C5a (111, 162, 163, 179). Moreover,
the pathogenesis of influenza virus infection in mice is
enhanced by the S. marcescens protease (5). Transposon-
induced mutagenesis of S. marcescens affecting extracellular
metalloprotease activity suggested that several genes may be
required for production and secretion of this protease (95).
The metalloprotease gene from S. marcescens was cloned; it
had a sequence almost identical to that of the Serratia sp.
strain E-15 protease (27). Metalloproteases from S. lique-
faciens strains showed serological cross-reactivity with the
S. marcescens metalloprotease as well as very similar pro-
teolytic activity against human serum proteins (255). Re-

cently, the gene encoding a minor extracellular metallopro-
tease from S. marcescens revealed high overall homology to
a metalloprotease from Erwinia caratovora and only low
homology to other proteases, including the S. marcescens
major metalloprotease (128) (Fig. 1).

Erwinia spp.

Erwinia chrysanthemi, a phytopathogenic bacterium, se-
cretes several proteins including three distinct but antigeni-
cally related metalloproteases, A, B, and C (249), and
produces a protease inhibitor which specifically binds to
these proteases and also strongly inhibits the S. marcescens
metalloprotease (133). The genes encoding these metallopro-
teases have been sequenced, and the deduced proteins share
strong amino acid homology with each other, the S.
marcescens metalloprotease, and the P. aeruginosa alkaline
protease (45, 51, 52, 80). The predicted zinc-binding and
active-site residues of these proteases are also found in the
E. chrysanthemi proteases, and they also appear in a differ-
ent order from others in Fig. 1. The E. chrysanthemi
proteases, like the Serratia and Pseudomonas enzymes, lack
typical signal sequences at their N-termini and are preceded
by short propeptides. Marker exchange mutants of E. chry-
santhemi, defective in production of one or all of the
extracellular proteases, are not impaired in virulence on
plant tissue (45). E. carotovora subsp. carotovora causes
soft rot in many plant species, and a possible role for an
extracellular protease in pathogenesis has been suggested
(239). The gene encoding an extracellular protease was
cloned and complemented a transposon-induced protease-
deficient mutant (7). The nucleotide sequence of the protease
gene revealed strong amino acid homology of the deduced
protein with the neutral proteases from Bacillus species and
other metalloproteases in certain regions (Fig. 1) and very
little overall similarity with the E. chrysanthemi proteases
(129).

Others

Xanthomonas campestris pv. campestris, the causal agent
of the black rot disease of cruciferous plants, produces two
proteases, of which one is a zinc-requiring metalloprotease
with properties similar to those of the E. chrysanthemi
proteases (56). A protease-deficient mutant that lacked both
proteases showed considerable loss of virulence for nicked
leaves (56, 230). An extracellular metalloprotease which has
been purified from a psychrophilic strain of X. maltophilia
resembles proteases from mesophilic organisms (148). Pas-
teurella haemolytica, associated with bovine pneumonic
pasteurellosis, secretes a glycoprotease that is highly spe-
cific for 0-glycosylated glycoproteins (3, 223). The gene for
this neutral metalloprotease has recently been cloned and
sequenced (2). Although the gene product showed no signif-
icant homology with other proteases, a putative zinc-binding
site was proposed (2) (Fig. 1). The hydrothermal vent
bacterium Hyphomonas jannaschiana produces a thermo-
stable alkaline zinc/calcium-dependent metalloprotease
(211). Several IgA proteases from a variety of bacterial
species, including Proteus, Capnocytophaga, and Bacte-
roides species, can be inhibited by chelating agents, indicat-
ing that these enzymes are metalloproteases; however, the
presence of zinc has not been demonstrated (73, 186, 210).
An extracellular collagenase from Porphyromonas gingivalis
apparently is a calcium-containing metalloprotease that does
not contain zinc (114).
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PROCESSING OF METALLOPROTEASES

Many extracellular bacterial proteases are synthesized as
inactive precursors with an additional polypeptide segment
(propeptide) that is removed from the mature secreted
protein (247). Several roles have been proposed for the
propeptides of bacterial proteases. The propeptide may
function to keep the protease inactive inside the cell, thus
protecting the host cell against an "untethered" protease; it
may play a role in the folding of the proenzyme into the
proper conformation necessary for activity or the secretion
process; and/or it might temporarily anchor the protease to
the membrane. Neither the exact function of the propeptide
nor the mechanism of cleavage to the mature form of the
enzyme is known, although, in many cases, an autopro-
teolytic processing has been suggested. Some amino acid
homology was found between the prosequences of several
neutral proteases from Bacillus species and the P. aerugi-
nosa elastase (253). The prosequences of Bacillus neutral
proteases have been reviewed recently (215). P. aeruginosa
elastase is produced as a larger inactive precursor, indicating
that proteolytic processing is required for activation of the
enzyme (118). Three cell-associated elastase precursors
were identified in P. aeruginosa cells, and it was suggested
that the propeptide forms a noncovalent complex with the
elastase portion after proteolytic cleavage in the periplasmic
space, thus inhibiting its proteolytic activity (119). The
cleavage sites involved in proteolytic processing of pre-
proelastase were defined (120). Site-directed mutagenesis of
catalytic amino acid residues resulted in accumulation of
enzymatically inactive proelastase, indicating autocatalytic
processing (116, 152), and a model of the possible events of
elastase processing in E. coli was proposed (116). Homolo-
gous metalloproteases from several Vibrio species were
suggested to undergo an additional processing by autocata-
lytic removal of a small polypeptide from the C terminus (49,
92, 123, 157, 168). However, the small cleavage product has
so far been demonstrated only for V. vulnificus (123).

SECRETION OF METALLOPROTEASES

Protein secretion by gram-negative and gram-positive bac-
teria has been extensively reviewed recently (141, 194, 204,
215, 236, 248). Most bacterial proteins, including many
metalloproteases, are secreted by a sec-dependent general
secretory pathway; however, a small group of metallopro-
teases do not have conventional N-terminal signal se-
quences, including the S. marcescens metalloprotease; pro-
teases A, B, and C from E. chrysanthemi; and the P.
aeruginosa alkaline protease. Specific secretion proteins
have been identified for the Erwinia proteases and the
alkaline protease, which appear to be homologous to those
required for secretion of several bacterial toxins such as the
E. coli alpha-hemolysin (52, 60, 86, 88, 134, 204, 236). As
with E. coli alpha-hemolysin, the C termini of these pro-
teases have been shown to be essential for their secretion.
They contain a repeated consensus sequence also found in
alpha-hemolysin and related cytotoxins (45, 53, 135, 136,
222). The secretion proteins for the E. chrysanthemi pro-
teases can mediate the secretion of the S. marcescens
metalloprotease (135) and the P. aeruginosa alkaline pro-
tease (86) from E. coli. Similarly, the E. coli alpha-hemolysin
secretion proteins can complement secretion of the P. aerug-
inosa alkaline protease (86), the Serratia metalloprotease
(135, 222), and Erwinia proteases (52). However, alpha-
hemolysin is not exported through the Erwinia protease

system (66). A recent study suggested that lipopolysaccha-
ride may be involved in the secretion of alpha-hemolysin and
the E. chrysanthemi proteases (250).

REGULATION OF METALLOPROTEASES

In many instances, only the physiological and nutritional
factors affecting extracellular protease production have been
studied (9, 145). However, in several organisms regulatory
proteins involved in transcription of metalloprotease genes
were identified. Production of the neutral proteases in B.
subtilis is controlled by a number of regulatory genes that
also control several other extracellular proteins (93). A
transcriptional activator gene specific for the neutral metal-
loprotease gene of B. stearothermophilus was located up-
stream of the protease gene, and possible target regions were
identified in the 5' regions of both genes (175). Mutations in
regulatory proteins showing pleiotropic effects on extracel-
lular proteins, including metalloprotease production, have
been described in S. aureus (106, 164). A gene has been
identified from Streptomyces griseus that resulted in an
increase in the production of several extracellular activities
in various Streptomyces species (50). Recently, adjacent
divergent open reading frames upstream of the metallopro-
tease genes from S. lividans, S. coelicolor, and Streptomy-
ces sp. strain C5 showed strong sequence homology to
transcriptional activators of the LysR family (30, 47, 132,
140). In S. lividans, the protein encoded by this gene was
shown to bind to the intergenic region between the regulator
and protease genes and to activate transcription of the
metalloprotease (47). The metalloprotease gene of L. mono-
cytogenes is the first gene of an operon that is transcription-
ally activated by a regulatory protein that recognized a
palindromic sequence in the upstream region of the protease
gene and several other putative virulence genes (32, 74, 156).
The lasR gene of P. aeruginosa is required for the transcrip-
tion of the genes for elastase, alkaline protease, and LasA
and thus appears to be a global regulator of proteases in P.
aeruginosa (78, 79, 233). LasR shows sequence homology to
LuxR, a regulatory protein of Vibriofischeri, and a putative
dyad recognition sequence upstream of the protease genes
was proposed (79). Among several environmental factors,
zinc, iron, and calcium are involved in efficient elastase
production (28, 181). Both zinc and iron seem to regulate
elastase expression at the translational level, although they
probably use separate mechanisms (28).

CONCLUSIONS
In gram-negative bacteria there are at least two closely

related families of bacterial zinc metalloproteases that can be
differentiated by amino acid homology, genetic organization,
and mechanism of secretion. The "elastase-like" proteases
(numbers 13 to 17 in Fig. 1) initially contain N-terminal
signal sequences followed by propeptides and the mature
proteases that are then proteolytically processed and are
secreted via the general secretion pathway. The "Serratia
protease-like" metalloproteases (numbers 18 to 23 in Fig. 1)
do not contain conventional signal sequences or propeptides
and are secreted by specific secretion functions. The "ther-
molysin-like" proteases (numbers 1 to 12 in Fig. 1) are more
similar to the P. aeruginosa elastase, suggesting a common
ancestral gene for these proteases. Additionally, several
bacterial zinc metalloproteases (numbers 24 to 31 in Fig. 1)
have been described that do not share extensive homology
with any of these groups. This implies an independent
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evolution of these enzymes and emphasizes the potential
importance of these proteolytic activities. The ubiquity and
conservation of extracellular zinc-containing metallopro-
teases in the microbial world, in both pathogenic and non-
pathogenic species, suggest that they must provide survival
advantages which are not necessarily associated with viru-
lence. From their remarkable diversity and specificity, as
stated in the Prologue, it may safely be predicted that
additional bacterial metalloproteases will be found to be
involved in pathogenesis (like the neurotoxins) and to serve
useful functions as well (like "designer proteins").
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